Preischemic hyperglycemia, which raises tis sue lactate content during ischemia, is known to aggra vate ischemic brain damage. To explore the possibility that the enhanced lactic acidosis gives rise to osmotic damage, we studied the influence of a varied preischemic plasma glucose concentration on the early postischemic edema. Brain edema was measured by the specific gravity technique. Brain and plasma osmolality were measured with a vapor pressure osmometer. We exam ined different brain regions in hyperglycemic and moder ately hypoglycemic rats subjected to 15 min of forebrain ischemia, followed by recirculation for 5, 15, and 30 min. The decrease in specific gravity was compared with the increase in osmolality, to study whether the edema for mation in the different groups correlated to the increase in tissue osmolality. We found edema formation to be most pronounced in frontoparietal cortex. In this structure and in hippocampus, statistically significant decreases of spe cific gravity were seen at all recirculation times studied. In caudoputamen, significant edema was seen only in the groups with 5 and 15 min of recirculation. Contrary to expectations, no difference was found between hypergly-
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Hyperosmolality in the ischemic tissue is caused by accumulation of lactate together with breakdown cemic and hyperglycemic animals. Tissue osmolality in creased during ischemia in both the low and high glucose groups, but to a higher level in the latter (hypoglycemia 311 ± I mmol kg-I , hyperglycemia 328 ± 10 mmol kg-I ; mean ± SD, p < 0.05). In the hyperglycemic group, brain osmolality remained elevated for the first 15 min of recir culation. Plasma osmolality also increased during isch emia in the two situations studied and remained increased during the first 15 min of recirculation. In spite of the higher brain osmolality during ischemia and the early re circulation phase in the hyperglycemic animals, theoret ically favoring influx of water into brain tissue, we failed to observe increased edema formation in the hyperglyce mic animals, probably due to the increased plasma osmo lality, partly balancing the rise in brain osmolality and restricting water influx when cerebral blood flow was re stored. We conclude that the fatal outcome in hypergly cemic animals is not likely caused by a more pronounced edema in the early recirculation phase. Key Words: Hy perglycemia-Forebrain ischemia-Edema-Specific gravity-Osmolality-Rat. products of labile compounds (Hossman and Ta kagi, 1976; Chan and Fischman, 1979; Siesjo 1985) . Several studies on different species have shown that brain osmolality increases during ischemia (Hossman and Takagi, 1976; Bandaranayake et aI., 1978; Matsouka and Hossman, 1982; Hatashita et aI., 1988) , and studies on ischemic myocardium (Jennings, 1986) have underscored the importance of elevated tissue osmolality for the formation of edema. Reperfusion with hyperosmolar fluids has been suggested to prevent postischemic increase of water due to raised tissue osmolality (Tranum Jensen et aI., 1981; Hossman, 1982; Matsouka and Hossman, 1982; Tang and Ho, 1988) , and reduction of infarct size has been reported in animals treated with hyperosmolar mannitol (Kloner et aI., 1976) .
As is well known, preischemic hyperglycemia ag gravates brain damage. Compared with normogly-cemic animals, hyperglycemic ones develop more frequent postischemic seizures and show exagger ated edema (Siemkowicz and Hansen, 1978; Myers, 1979; Rehncrona et aI., 1981; Pulsinelli et aI., 1982; Warner et aI., 1987; Smith et aI., 1988) . This in creased brain damage has been related to a more severe tissue acidosis due to higher lactate forma tion (Myers, 1979; Siesjo, 1981; Plum, 1983) . The lactate accumulation during 15 min of ischemia is =10 mmol kg-1 higher in hyperglycemic than in moderately hypoglycemic animals (Smith et aI., 1986) .
We studied the early formation of brain edema in hyperglycemic animals and compared them with an imals with moderate preischemic hypoglycemia. Our aim was to disclose any differences in tissue water content that could have a bearing on the dif ferences in outcome between the two groups. We further wished to correlate the level of edema with the increase in tissue osmolality.
METHODS

Experimental techniques
Male Wistar rats of an SPF strain, weighing 270-350 g, were used in all studies. For animals subjected to fore brain ischemia and for sham-operated controls, we used the operative technique earlier described from this labo ratory (Smith et aI., 1984b) . In short, fasted animals were anesthetized with isoflurane in a 70:30 mixture of nitrous oxide and oxygen, intubated, and connected to a small rodent ventilator. Mter operation, the isoflurane supply was discontinued and the animals were allowed a 30-min steady-state period, during which they were ventilated on N20 and O2 (70:30) and given suxamethonium as a mus cle relaxant. All animals were heparinized to prevent catheter clotting. Body temperature was maintained close to 37°C, and blood pressure was continuously recorded. Blood gases and pH were measured and, if necessary, ventilation was adjusted to achieve an arterial oxygen tension >90 mm Hg and an arterial carbon dioxide ten sion of 35-40 mm Hg.
Plasma glucose was measured and adjusted to the de sired level. Animals in the hyperglycemic groups received an i. v. glucose infusion to achieve plasma glucose levels of 20-25 mmol l-I . The glucose infusion was terminated at the start of ischemia. The animals in the moderately hypoglycemic groups were given i.p. insulin in a dose of 2 IUlkg body weight immediately before the start of the operation, followed by a glucose infusion to maintain a stable plasma glucose level of =4 mmol 1-I . After isch emia, the glucose infusion rate was increased to restore normal plasma glucose levels.
Forebrain ischemia was induced by bilateral common carotid artery occlusion, combined with exsanguination to a mean arterial blood pressure of 50 mm Hg. Brain temperature was kept close to 37°C during the insult with the help of a heating lamp and a temperature probe place subcutaneously on the skull. After 15 min of ischemia, recirculation was induced by release of the carotid clasps and reinfusion of blood.
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Rats exposed to global ischemia and intended for tissue osmolality measurements were not fasted before the ex periment. They were briefly anesthetized with isoflurane and decapitated. The heads were immediately put into a plastic bag and placed in a water bath at 37°C. One minute before the specified duration of ischemia, the heads were taken up from the water bath. The brains were then re moved and immersed in isopentane chilled to -50°C and subsequently stored at -80°C until analysis.
Experimental groups
Sixty-five animals were used for specific-density mea surements. Twenty-two animals served as controls. They were divided into two groups: sham-operated fasted rats (n = 12) and sham-operated insulin-treated rats (n = 10). Thirty-nine animals, 19 hyperglycemic and 20 hypoglyce mic, were subjected to 15 min of forebrain ischemia fol lowed by recirculation for 5, 15, and 30 min (n = 6-8 in each group). Four additional hyperglycemic animals were allowed a recirculation time of 90 min.
Ninety-four animals were used for osmolality measure ments. Three control groups were made for osmometry: fasted (n = 8), insulin-injected (n = 4), and hyperglyce mic (n = 4). Twenty-one normal fed animals were sub jected to complete global ischemia by decapitation. They were divided into seven groups with I, 5, 10, 20, 30, 45, and 60 min of ischemia, respectively (n = 3 in each group). Forebrain ischemia was induced in 57 animals. The groups were: hypoglycemic and hyperglycemic ani mals, analyzed after 5, 10, and 15 min of ischemia, as well as after 5, 15, and 30 min of recirculation after 15 min of ischemia (n = 4 in each group). Hyperglycemic subjects were also analyzed after recirculation periods of 60 (n = 5) and 90 min (n = 4).
Specific-gravity measurements
Measurement of specific gravity was done immediately after decapitation. The brain was rapidly removed from the skull and transferred to a chamber with relative hu midity >90%. The brain was dissected on an ice-cold plate, and small samples ("" 10 mg) were taken from cau doputamen, frontoparietal cortex, hippocampus, and cer ebellar cortex, one sample from each hemisphere. The tissue samples were introduced into a density gradient column and their position was determined after 3 min (Warner et aI., 1987) . The specific-gravity columns were prepared from a Percoll solution (Pharmacia AB, Upp sala, Sweden) as described by Tengvar and collaborators (Tengvar et aI., 1983) . The gradient was calibrated using glass spheres of known densities (Scientific Glass, Bloomfield, NJ, U.S.A.). A regression line was calcu lated for equilibration depths of the glass spheres, and only columns with a linear correlation coefficient better than -0.996 were used.
Osmolality measurements
For the osmolality measurements (excluding the exper iments on global ischemia, described above), the brains were frozen in situ with liquid nitrogen (Ponten et aI., 1973) at the end of the experiment. The brains were re moved and stored at -80°C. Osmolality was measured by vapor-pressure osmometry (Tornheim, 1980) . For analy sis, the frozen brains were transferred to a glove-box with a temperature of -20 to -25°C. A cylindrical column of tissue with a diameter of 5 mm was taken from the fore brain ( Fig. 1 ). From this cylinder, tissue slices with a FIG. 1. Schematic drawing shows the part of the brain hemi sphere in which the tissue cylinder for osmolality measure ments was taken (shaded area). Samples thereby mainly rep resented frontoparietal cortex (FPC) and caudoputamen (CP). thickness of 0.7-0.8 mm were cut with a razor blade. Seven slices were cut from each cylinder, starting from the cerebral cortex and downwards. Thus, our measure ments represented mainly cortex and caudoputamen. The tissue slices were immediately transferred to the measur ing chamber of the vapor-pressure osmometer (Wescor 5500, Wescor Inc., Logan, UT, U.S.A.). Plasma taken from the animal immediately before the end of the exper iment was also analyzed. The osmometer was calibrated with commercially prepared standard solutions before, and after every third measurement.
Statistics
Values are presented as means ± SD. Statistical anal ysis of the material was made with one-way analysis of variance, followed by Dunnett's test for differences be tween control and the experimental subgroups, and by Scheffe's test for differences between the three control groups in the osmometry material. A p value of <0.05 was regarded as statistically significant.
RESULTS
Physiological variables
All animals demonstrated normal physiological values before the induced ischemia, with the excep tion of the deliberately varied plasma glucose con-centration (Table l) . Animals with preischemic moderate hypoglycemia received glucose infusions after ischemia to restore plasma glucose to normal levels. In the groups with preischemic hyperglyce mia, glucose infusions were terminated at the onset of ischemia, and plasma glucose fell accordingly. However, animals in the hyperglycemic groups had higher glucose levels at least for the 1 st h of recir culation (Table O. Brain specific gravity Controls. Control values for specific gravity did not differ between sham-operated fasted and insu lin-treated animals. Hence, the two control groups were pooled. The pooled control values were as follows: caudoputamen, 1.0434 ± 0.0006; frontopa rietal cortex, 1.0438 ± 0.0006; hippocampus, 1.0422 ± 0.0008; and cerebellum, 1.0460 ± 0.0010.
Forebrain ischemia. The results are summarized in Fig. 2 , showing the specific gravity for the differ ent structures and recirculation times in hypoand hyperglycemic animals. Statistically significant edema was found in frontoparietal cortex, caudo putamen, and hippocampus, the lowest specific gravity values being encountered after 5-15 min of recirculation. The most pronounced edema was seen in frontoparietal cortex, which at 5 min of re circulation already showed a decrease of specific gravity to 1. 0421 ± 0.0006 in the hypoglycemic group, and to 1.0416 ± 0.0007 in the hyperglycemic group. Frontoparietal cortex and hippocampus were the only structures in this material showing significant edema at 30 min of recirculation. In the hyperglycemic group, edema was still evident in the cortex at 90 min of recirculation. As can be seen in Fig. 2 , the specific-gravity values in the hypoand hyperglycemic animals were similar in all structures at all reperfusion times studied, and no significant differences between the groups were found. Cere bellum, in which the blood flow is �50% of normal during ischemia (Smith et al., 1984b) , showed no significant decrease of the specific gravity.
Osmolality
Controls. Normal sham-operated fed rats had a mean brain osmolality of 306 ± 5 mmol kg -1, whereas the plasma osmolality was 289 ± 5 mmol J Cereb Blood Flow Metab, Vol. 12, No.5, 1992 kg-I. The osmotic gradient between brain tissue and plasma was thus 17 ± 6 mmol kg -I.
Rats made hyperglycemic by glucose infusion had almost identical tissue and plasma osmolalities (310 ± 7 and 292 ± 3 mmol kg-I, respectively, giving the same gradient as above, 17 ± 4 mmol kg-I).
Insulin-treated hypoglycemic control animals had somewhat lower mean values for tissue (297 ± 5 mmol-I) and plasma (285 ± 3 mmol kg-I) osmolal ity, significant (p < 0.05) in tissue, when compared with the hyperglycemic group. The gradient be tween tissue and plasma was 13 ± 3 mmol kg-I.
Global brain ischemia. Global brain ischemia ini tially caused a rapid increase of brain osmolality. After 5 min of ischemia, the osmolality of brain tis sue had increased by 10 mmol kg-1 to 316 ± 2. During the following hour there was only a slow further increase, to an osmolality value of 322 ± 2 mmol kg-I (Fig. 3) .
Forebrain ischemia. Results obtained in fore brain ischemia are shown in Fig. 4 . For statistical calculations, the hypoglycemic groups were com pared with the insulin controls and the hyperglyce mic groups were compared with the hyperglycemic controls.
Cerebral osmolality. Within the first 5 min of isch emia, cerebral osmolality increased by 15 mmol kg-I in the hypoglycemic, and by 20 mmol kg-I in the hyperglycemic animals, and thereafter remained close to the same level throughout ischemia (Fig. 4) . The increases reached statistical significance in both groups after 5 min. During early recirculation, the brain tissue osmolality remained elevated. Hy poglycemic animals stayed significantly elevated throughout the 30-min recirculation period studied, as compared with the hypoglycemic control group. However, glucose was intravenously administered to these animals after ischemia to restore normal glucose levels, so the proper control value for com parisons in the recirculation phase should be the normal fed animals, from which the recirculation osmolality values in the hypoglycemic group did not significantly differ. Mter 30 min of recirculation, the brain-tissue osmolality showed similar values in the two groups of animals ( Fig. 4) . We also exam ined hyperglycemic animals after 60 and 90 min of recirculation. Cerebral osmolality in these groups was 307 ± 8 and 314 ± 2 mmol kg -1, respectively . Plasma osmolality. Because of the circulatory dis turbances caused by the depressed arterial blood pressure, plasma osmolality increased during isch emia in both groups, and remained elevated for the first 15 min of recirculation in the hyperglycemic group (Fig. 5) . Mter 30 min of recirculation, the plasma osmolality was =295 mmol kg -I in both groups.
Osmotic brain-plasma gradient. The brain tissue osmolality in control animals was 17 ± 5 mmol kg -I higher than plasma osmolality was. During isch emia, brain and plasma osmolality increased in both the hypo-and the hyperglycemic groups. In the hy poglycemic group, the increase in plasma osmolal ity almost completely counteracted the increase in tissue osmolality, so that the brain-plasma gradient was 16 ± 5 at the end of ischemia (Fig. 6 ). In the hyperglycemic animals, the gradient was 23 ± 9 at the end of ischemia, and after 15 min of recircula tion the difference had increased to 30 ± 7 mmol kg-I (p < 0.05 versus the hypoglycemic group). The changes in brain-plasma gradient were signifi cantly different (p < 0.05) from control at 5 min of ischemia and at 15 min of recirculation in the hy- perglycemic group. After 30 min of recirculation, the osmotic difference was normal in both groups, and the osmotic gradient after 60 and 90 min of recirculation in hyperglycemic animals remained at normal or subnormal levels.
DISCUSSION
Brain specific gravity
We used a rat model of forebrain ischemia that has been extensively studied in this laboratory. The model has been found to give reproducible, severe ischemia in caudoputamen, frontoparietal cortex, and hippocampus. Blood flow during ischemia in these structures is <5% of control (Smith et aI., 1984a) .
A previous study from this laboratory examined postischemic edema in hyper-and normoglycemic animals (Warner et aI., 1987) . However, although the results showed exaggeration of edema in hyper glycemic animals, this occurred late (after 18-24 h), and the experiments were not designed to study early postischemic edema. Later, Mellergard et ai. (1989) , in a study on normoglycemic animals, found the most pronounced early edema after 30 min of recirculation. In the present study, the maximal early postischemic edema appeared after 15 min of recirculation in both hypo-and hyperglycemic ani mals and was most pronounced in cortex and hip pocampus. We expected a greater edema in the hy perglycemic animals than in the slightly hypoglyce mic ones, but the magnitude of edema was very similar in the two groups.
Brain osmolality
Brain tissue osmolality during normal circum stances has been studied by many authors. The con- Vol. 12, No.5, 1992 trol value found in this study (306 mmol kg-I) is in excellent agreement with the values previously reported from other groups (Hossman and Ta kagi, 1976; Bandaranayake et aI., 1978; Tornheim, 1980) .
During ischemia, the osmolality of the tissue in creases. This increase is likely caused by the break down of glucose and glycogen to lactate, by hydro lysis of high-energy phosphate compounds, and by degradation of macromolecules such as proteins and phospholipids (Chan and Fischman, 1979; Mat souka and Hossman, 1982) .
When fed animals were subjected to global brain ischemia in this study, brain osmolality increased rapidly during the first 10 min, and thereafter reached a plateau of -320 mmol kg -I. With fore brain ischemia in animals in which preischemic plasma glucose concentration was varied, we found that hypoglycemic animals increased in brain tissue osmolality from 298 ± 5 to 315 ± 4 mmol kg -I, and the hyperglycemic rats from 309 ± 6 to 330 ± 4 mmol kg-1 after 10 min of ischemia. Bandaranayake and collaborators (1978) showed that after decapitation ischemia in unanesthetized rats, brain osmolality increased from 307 to 339 mmol kg -1 within 90 min, with most of the increase occurring during the first minutes. Hossman and Takagi (1976) found a rise of brain tissue osmolality from 308 ± 3 to 353 ± 4 mmol kg -I in cats sub jected to 1 h of cerebral ischemia. The latter in crease is larger than that predicted from formation of lactate and decomposition of labile compounds. In the present study, the increase in osmolality dur ing ischemia was somewhat smaller than what was presented by the authors above (Hossmann and Takagi, 1976; Bandaranayake et aI., 1978) , but even an increase of tissue osmolality from 306 to 320 mmol kg-1 creates a strong force for water shift from blood to brain tissue (see below).
The correlation between tissue osmolality and edema formation in ischemic myocardium was stud ied by Steenbergen et al. (1985) . They found that lactate concentration rose by -45 mmol kg -I after 15 min of ischemia, and total tissue osmolality by -70 mmol kg -I. Due to the high glycogen content, muscle tissue forms much more lactate than brain tissue does. The latter must therefore be expected to have a smaller increase in tissue osmolality. In the present study, no correlation was found be tween tissue osmolality and the decrease in specific gravity in the recirculation phase, i.e., in spite of a higher accumulation of osmotically active agents in the hyperglycemic animals, no increase in edema formation was seen, compared with the hypoglyce mic animals.
Plasma osmolality
Plasma osmolality increased during ischemia in both the hypo-and hyperglycemic groups, the in crease, however, being more pronounced in the hy perglycemic animals. This rise in plasma osmolality was likely secondary to the induced hypotension. Plasma osmolality was also dependent on plasma glucose level (see control values, Fig. 5) . At the start of recirculation, glucose administration in the hypoglycemic groups increased plasma osmolality. In the hyperglycemic group, the decrease of plasma glucose during ischemia, due to discontinued glu cose infusion, had the opposite effect ( Table 1) .
The rise in plasma osmolality during ischemia can be expected to have partly counteracted the in crease in tissue osmolality, and thereby to have re stricted edema formation. Because the hyperglyce mic animals, having the larger increase in tissue os molality, also had the highest plasma osmolality, we suggest that the lack of aggravated edema in this group was due to a higher plasma osmotic pressure, as compared with the hypoglycemic group. We re call that several papers have been published show ing a beneficial effect of administration of hyperos molar solutions on ischemic damage and develop ment of postischemic edema (Zimmermann and Hossmann, 1975; Kloner et aI., 1976; Tranum-Jensen et al" 1981; Tang and Ho, 1988; Uenohara et al., 1988) .
Osmotic gradient between plasma and brain A common finding in earlier studies on cerebral osmolality is that, independent of the method of analysis (freezing-point depression or dew-point temperature depression), there has been a differ ence in osmolality between plasma and brain, the brain having a higher osmolality. This was con firmed in the present study, in which we found a difference between plasma and brain of 17 ± 5 mmol kg -1. The nature of this difference is not known. It could be an artifact due to postmortem changes of the tissue, but if so, the error ought to be smaller when dew-point depression is used, be cause the tissue is frozen until the measurement takes place. A possible explanation could be that freezing and tissue fractionation release osmotically active ions, such as Na + and K +, from binding to macromolecules. A true gradient of this size has a substantial power, because a difference of 10 mmol kg-1 corresponds to an osmotic pressure of �200 mm Hg. This is, however, a theoretically calculated value, valid only if a membrane is truly semiperme able, i.e., fully permeable to water, but imperme able to all other molecules and ions. The in vivo osmotic tension must be lower, perhaps much lower than the theoretically calculated value.
We found a statistically significant increase in the osmotic gradient between brain and plasma only in the hyperglycemic animals at 5 min of ischemia, and after 15 min of recirculation. An increase of the gradient should theoretically favor influx of water into the tissue when blood flow was restored after ischemia. However, there was a large variability in the brain-plasma gradient values, and the rise in the gradient was very short-lasting.
Conclusion
We found a significant, early brain edema in rats subjected to 15 min of forebrain ischemia. This re circulation edema was most pronounced in cortex and hippocampus. There was no difference in the severity of edema between slightly hypoglycemic and hyperglycemic animals. In both hypo-and hy perglycemic animals there was an increase in brain and plasma osmolality during ischemia. This in crease, which persisted during the first 15 min of recirculation, was most pronounced in the hyper glycemic group. The more marked increase in brain osmolality in the hyperglycemic group did not result in a more powerful edema, though, probably at least partly due to a counteracting influence of the in creased plasma osmolality. Our working hypothesis that the hyperglycemic rats should have a more pro nounced postischemic edema could thus not be sub stantiated.
